in fibroblasts, expression of FP4-Mito did not result in FP4-Mito-expressing neurons was increased 59% over AP4-Mito-expressing neurons (data not shown). Expresthe accumulation of F actin or a number of actin-associated proteins on the mitochondrial surface (data not sion of FP4-CAAX induced a phenotype opposite to that observed with FP4-Mito ( Figure 2E ). FP4-CAAXshown). As expected, expression of the FP4-CAAX construct caused a redistribution of cytosolic Ena/VASP expressing neurons exhibited significant increases in the number and length of filopodia as compared to proteins to the plasma membrane ( Figures 1D-1D″ ).
Primary hippocampal neurons expressing the relowild-type or AP4-CAAX-expressing neurons ( Figure  3A ). Filopodia in FP4-CAAX cells extended until they calizing constructs were analyzed for morphology and behavior by time-lapse digital microscopy. As expected, become unstable and retracted suddenly ( Figure 2E ). Extension of lamellipodial veils was restricted in FP4-both AP4-Mito-and AP4-CAAX-infected neurons exhibited behavior typical for wild-type hippocampal neurons, CAAX-expressing cells. Therefore, in hippocampal neurons, neutralization of Ena/VASP causes reduction in including lamellipodial dynamics and rapid filopodial extension, exploration, and withdrawal (Figures 2A, 2B , the number and length of filopodia, while elevation of Ena/VASP activity has a reciprocal effect. and 2D). In contrast, expression of FP4-Mito induced an apparent striking reduction in filopodia ( Figure 2C ).
To quantify the role of Ena/VASP in neurite outgrowth and branching, neurons were fixed 2 days after plating Quantification of fixed cells revealed a significant reduction in filopodia number along neurites shafts and and viral infection, stained with a tyrosinated tubulin antibody to label all neurites, and measured. Length of growth cones in FP4-Mito-expressing neurons as compared to wild-type or AP4-Mito-expressing control neuprimary neurites, primary neurite number, and number of branches per cell was unaffected by AP4-Mito control rons ( Figure 3A) . Furthermore, the few remaining filopodia on FP4-Mito neurites and growth cones were construct expression. Neither the FP4-Mito nor the FP4-CAAX construct induced any statistically significant significantly shorter than controls ( Figure 3A) . Instead, FP4-Mito-expressing neurons frequently developed lachange in total neurite length per cell or in the length of the axon, which is the longest neurite (data not mellipodia and ruffles ( Figure 2C ). Growth cone area in 
Acute Netrin-1 Treatment Induces Lamellipodia and Filopodia Formation
Since genetic analysis in C. elegans implicates Ena/ VASP function in Netrin-1-mediated guidance, we reasoned that changes in Ena/VASP levels might affect the response of cultured neurons to Netrin-1 application. We first analyzed the response of hippocampal neurons to bath application of Netrin-1. Using time-lapse digital microscopy, we observed that wild-type and control infected hippocampal neurons exhibited dramatic morphological changes within minutes of bath application of Netrin-1 (Figures 6A and 7A) . Addition of either 50 or 600 ng/ml of Netrin-1 induced the formation of rapidly protruding and highly dynamic lamellipodia within 10-20 min, followed by the induction of filopodia on cell bodies, neurite shafts, and growth cones over the next 20-40 min ( Figure 6A ). While both Netrin-1 concentrations induced obvious morphological changes, the 600 ng/ml treatment induced more dramatic changes. Netrin-1- Figure 6D ). Therefore, Netrin-1 treatment induces first ure 5D). Therefore, the appearance of long, bundled F (Figand 7) . At high concentrations (600 ng/ml), Netrin-1 also induced an increase in phosphorylation of Mena but ure 8A). Interestingly, in wild-type neurons, forskolin induced a rapid increase in the number and length of with a faster time course, peaking at about 5-10 min and decreasing to baseline by 1 hr after treatment (data filopodia, but not lamellipodia, in the growth cone (data not shown). However, unlike Netrin-1, forskolin had no not shown). Thus, the phosphorylation of Mena by Netrin-1 directly parallels the formation of filopodial protrueffect on filopodial and lamellipodial dynamics along the axon shaft. sions after Netrin-1 treatment.
In addition to stimulating PKA activity, increased cAMP levels also activate the Rap1 guanine nucleotide (Figures 8B and 8E) , similar to that of uninfected neurons Our current results demonstrate a direct correlation between the levels of Ena/VASP activity and the ability of (data not shown). Interestingly, infection with FP4-Mito abolished the forskolin-induced increase in filopodial neurons to form and extend filopodia. Inactivating Ena/ VASP proteins markedly inhibited both normal and Neprotrusions ( Figures 8C and 8E ). The few filopodia that were present on the growth cones of FP4-Mito-expresstrin-1-or forskolin-induced filopodia formation in hippocampal neurons. We also demonstrate a positive correing neurons did not significantly increase in length after For imaging experiments, neurons were plated onto nitric acidprepared as previously described (Bear et al., 2000) . Recombinant cleaned, poly-D-lysine-coated Assistent German glass coverslips adenoviruses capable of expressing these constructs and EGFP (Carolina Biologicals). These coverslips were previously attached were generated and purified as previously described (He et al., to 35 mm plastic culture dishes (Corning) in which holes 15 mm in 1998). Primary hippocampal neurons were infected at a multiplicity diameter had been machine drilled (Dent and Kalil, 2003). In these of infection of 100 pfu/cell with various controls (AP4-Mito, AP4-sets of experiments, neurons were grown in unconditioned medium CAAX, GFP) or FP4-Mito-and FP4-CAAX-expressing adenoviruses.
because cultures grown in glial-conditioned medium produced too They survived and appeared healthy at least 3 days after infection much variability upon guidance factor/drug treatment. After 24-36 for low to medium levels of GFP expression. Having verified that all hr in culture, chambers were opened and placed on the stage of a the effects of the control constructs were equivalent, the AP4-Mito Nikon TE300 microscope. Temperature was maintained at 37ЊC and construct was used in the majority of the experiments as a control CO 2 was maintained at 5% with the aid of a microscope incubator of potential toxicity due to virus infection and GFP overexpression.
system ( We fixed cultures at various time points and analyzed them by amide, H-89, and KT5720 were from Calbiochem.
immunofluorescence with a variety of probes for actin (phalloidin, Production of monoclonal anti-Mena antibody was accomplished radixin) and microtubules (␤III-, acetylated, or tyrosinated ␣-tubulin). as follows. His-tagged full length Mena ϩ and a fragment of Mena ϩ Filopodia parameters were determined by measuring filopodia numcomprising only the ϩ exon were produced in insect cells using ber and length after labeling fixed cultures with phalloidin to highlight the "Bac-to-Bac" baculovirus expression system according to the the filopodia. Filopodia number and size were quantified on images protocols supplied by the manufacturer (GIBCO-BRL) and purified taken with a 63ϫ/1.4NA Plan Apo objective using Deltavision softon cobalt beads (BD Talon resins, BD Biosciences Clontech). These ware. The extent of neuronal outgrowth was determined by measurrecombinant proteins were used to produce monoclonal antibodies ing neurite length and branching after labeling fixed cultures with in Mena Ϫ/Ϫ mice as described (Niebuhr et al., 1998) . Hybridoma antibodies to tyrosinated tubulin to highlight the neurites. The followsupernatants were screened by ELISA on recombinant, purified ing parameters were evaluated: total neurite length, length of the Mena ϩ and the ϩ exon of Mena, on Western blots of extracts of longest neurite (axon), length of each branch segment, number of adult mouse brain, and in immunofluorescence microscopy of MV primary neurites per cell, and total number of branches per 100 m D7 cells expressing GFP-Mena ϩ . One hybridoma was chosen and of neurite. All measurements were performed on pictures taken with subcloned twice. By subclass analysis, this monoclonal antibody a 20ϫ objective using Neurolucida software. More than 50 neurons designated A351F7D9 was identified as IgG2b.
per treatment from 3 separate experiments were analyzed by oneProduction of the phosphospecific polyclonal antibody to the conway ANOVA and Fisher's t tests. served PKA site on Mena (S236) was accomplished as follows. The immunogen peptide NH2-WERERRMSNAAPSSD (S ϭ phosphoserine) was used to produce polyclonal antibodies, and the antibodies Platinum Replica Electron Microscopy were affinity purified on a phospho peptide column.
Correlative platinum replica electron microscopy was performed essentially as described (Svitkina and Borisy, 1998) with a few minor modifications. Briefly, dissociated embryonic hippocampal neurons Cell Culture, Immunocytochemistry, and Imaging of Fixed Cells were cultured as described above on coverslips coated with a gold locator grid. EGFP-positive cells were located by live cell fluoresPrimary hippocampal neurons were prepared from E16 mouse as described for E18 rat (Goslin and Banker, 1989). Glial cultures were cence microscopy and then immediately extracted for 3-5 min with 1% Triton X-100 in PEM buffer containing 2 mM phalloidin, 0.2% prepared from P1 mouse cortex and hippocampus as described Na-cacodylate (pH 7.3) and processed for electron microscopy. Cells previously identified as EGFP-positive were relocated using After 24-48 hr, cells were fixed in 4% paraformaldehyde/PBS, blocked with 10% BSA/PBS, and permeabilized with 0.2% triton/ the gold grid for micrographs.
